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A B S T R A C T
This paper investigates the effect of fibre properties of composite structures on the mechanical performance and
formation of low-velocity impact damage. Quasi-static indentation tests were conducted on a comprehensive set
of scaled Quasi Isotropic (QI) S-glass/8552 epoxy and QI IM7-carbon/8552 epoxy laminates, comparing changes
in both in-plane dimensions and fully three-dimensionally scaled cases. Due to the higher thickness of the S-glass
laminates, the mechanical results were normalized by a thickness scaling rule to have a fair comparison between
the mechanical behaviour. The results demonstrated that the shape of the load-displacement of the S-glass/
epoxy laminates is similar to that of the IM7-carbon laminates, with evident changes in rigidity appearing due to
the onset and propagation of delamination and final failure caused by fibre breakage. The S-glass/8552 epoxy
laminates had smaller load drops, higher deflection and higher mechanical energy absorption before failure
compared to the IM7-carbon/8552 epoxy laminates. X-ray computed tomography scanning revealed that de-
lamination is the dominant failure mode for the investigated laminates, and the shape of delamination was
influenced by the ply angles at the interfaces. Comparing the glass and carbon laminates, ultrasonic C-scan
results indicated similar delamination damage size for the initiation stage, however the damage size was found
to be dependent on the fibre properties and layup sequence in the propagation stage.
1. Introduction
The past three decades have seen a notable increase in the use of
composite materials in various engineering fields such as aerospace,
military and automotive industries. Applications of composites in these
areas are typically to make light and strong structures. However, var-
ious damage mechanisms such as delamination, matrix cracking and
fibre breakage have limited the operational life and load-bearing ca-
pacities of these materials. One of the most critical loading conditions
for composite structures is impact. Specifically, low velocity impact
(LVI) leads to Barely Visible Impact Damage (BVID) which significantly
affects compressive strength. Hence, it is of great importance to un-
derstand and characterize damage evolution in these materials.
Many researchers have investigated LVI behaviour of composite
materials [1–7]. LVI is defined as an impact event in which the contact
time of an impactor is very long compared to the stress-wave
propagation time (i.e., approximately static loading) [7]. However, a
LVI test generally has only a short duration, making it hard to tell
anything about the damage sequence. Compared to LVI, quasi-static
indentation (QSI) is much easier: low acquisition rates suffice and there
is an absence of oscillations. It is widely accepted that both quasi-static
indentation and LVI tests give similar damage propagation within plies
in many cases [8,9]. Therefore, for simplification, QSI is often used
instead to allow to interrupt at different indentation values for damage
inspection [10].
Several studies have been carried out to investigate the effects of
various parameters on LVI behaviour of laminated composites [11–14].
Summarizing these studies, five different parameters have been in-
vestigated: in-plane dimensions, laminate thickness, lay-up configura-
tion, fibre direction and material properties (fibre and matrix type)
[11–15]. The dimensions of the laminate were considered the main
parameter governing the behaviour of laminates under impact [11].
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Yang et al. [12] investigated the influence of geometrical parameters on
the damage initiation threshold. The experimental tests revealed that
the impact force required for damage initiation in specimens of the
same in-plane dimensions, varies with h1.5, where h is the laminate
thickness. Moreover, the results showed that the damage threshold
increased steadily with increasing projectile diameter, with the most
essential changes being evident in the thinner laminates. Other studies
on the effects of geometrical parameters on beam-like specimens
[11,16] showed that increasing the length or thickness led to a change
in failure mode and location of failure. Damage initiated with a top
surface contact failure in the short thick beams, while a lower surface
flexural failure was observed in the long thin beams. The subsequent
damage development was found to depend strongly upon the energy-
absorbing capability of the structure. Drop-weight impact tests were
conducted on a range of circular panels as a more representative geo-
metry. It was concluded that simple beam-like configurations do not
necessarily predict the mode of failure in more complex structures.
Another important parameter affecting the initiation and propaga-
tion of delamination is lay-up configuration. Fuoss et al. [13] provided
extensive data on the effects of layup on specimens that were not quasi-
isotropic (QI), and the impact damage resistance of each configuration.
It was recommended that angled plies (45° plies) should be placed near
the surface and the difference in angle between each ply should be kept
between 30° and 45°. A study by Yang and Cantwell [12] also supported
this result with a decrease in the damage threshold and an increase in
delamination area when the angles between plies were increased be-
yond 45°.
Abbiset et al. [14] carried out a comprehensive study on the effects
of in-plane dimension and thickness on the load–displacement beha-
viour and damage evolution of uni-directional carbon fibre composites
with QI layup. However, they did not study the effect of material
properties, especially the fibre modulus and failure strain, which are
important factors for the damage evolution and load–displacement
behaviour of laminates under LVI. Higher strength fibres provide higher
load carrying capacity whilst higher failure strain provides a larger
deformation before final failure potentially leading to enhanced energy
absorption.
Carbon Fibre Reinforced Polymers (CFRP) and Glass Fibre
Reinforced Polymers (GFRP) composites are being used as load bearing
structural components in various industries. Despite considerable work
in the literature regarding LVI behaviour and quasi-static indentation
test on GFRP [16], CFRP [17,18], and hybrid composite structures [18],
there is no systematic study to either consider the effect of all of the
above mentioned contributing parameters on the behaviour of com-
posite laminates or directly compare the behaviour of aerospace grade
GFRP and CFRP with the same epoxy matrix under quasi-static in-
dentation tests. Such a study would also contribute to understanding
the effects of hybridization.
Therefore, this paper aims to address such a gap in the literature by
carrying out a comprehensive experimental study on the effects of fibre
properties in impact behaviour of laminated composites. For this pur-
pose, a series of scaled tests were performed on QI S-glass/8552 epoxy
covering scaling of in-plane dimensions and full three-dimensional
scaled cases. The effect of fibre properties was studied by comparing
experimental data obtained from the S-glass/8552 epoxy laminates
with the results reported for IM7-carbon/8552 epoxy laminates for the
same scaled quasi-static indentation tests [14]. The load–displacement
behaviour and damage mechanisms of the IM7-carbon/epoxy laminates
and S-glass/epoxy laminates were compared with each other. In addi-
tion, non-destructive techniques including ultrasonic scans (C-scan) and
X-ray computed tomography (CT-scan) were employed to provide a
detailed assessment of the damage evolution.
2. Experimental method
2.1. Material and stacking sequence
Laminates were made from Hexcel S-glass/8552 epoxy prepreg and
were compared with IM7-carbon/8552 epoxy laminates reported in
[14]. Properties of these unidirectional glass and carbon prepregs are
included in Table 1. The laminates have a quasi-isotropic (QI) stacking
sequence, [45 m/0m/90 m/−45 m]ns with varying values of m and n
depending on the type of scaling as shown in Fig. 1. Three different
types of scaling were used in this study; in-plane scaling (IS), ply scaling
(PS), and sub-laminate scaling (SS). IS, PS and SS laminates had the
recommended ASTM [20] sample dimensions of 150 × 100 mm
(length × width). The reference (R) laminates were based on dimen-
sions scaled down by a factor of two from the standard dimensions to
75 × 50 mm. For R laminates, the sequence was set to =m 1 and =n 2,
i.e. [45/0/90/−45]2s. For PS laminates, the thickness of each ply was
doubled ( =m 2, =n 2), i.e. [452/02/902/−452]2s. For SS laminates,
the overall thickness of the laminate was doubled ( =m 1, =n 4), i.e.
[45/0/90/−45]4s. The indenter diameter was scaled with the in-plane
dimensions. A summary of the types of laminates tested and their re-
spective dimensions is shown in Fig. 1.
2.2. Manufacturing process
Different manufacturing stages of the laminates are shown in Fig. 2.
The plies were laid-up manually to fabricate the laminates. The lami-
nates where then put on Aluminium tool plates and were vacuum
bagged under a constant 0.1 MPa pressure. The tool plates were placed
in the autoclave and the laminates cured at the recommended curing
cycle of 8552 epoxy resin at 110 °C for 60 min followed by 180 °C for
120 min under a constant 0.69 MPa pressure [20]. The laminates were
cut to the specified dimensions using a tile cutter. Finally, each lami-
nate was sprayed with a speckle pattern, see Fig. 2f, on its back face in
order to measure the displacement and strain values using a Digital
Image Correlation (DIC) system.
2.3. Test setup
Rectangular fixtures were utilised for the indentation testing. For
the SS, PS and IS samples the fixture had a 125 mm × 75 mm window
while for the R samples a 62.5 mm × 32.5 mm window size was used.
This setup closely followed the ASTM D7136/D7136M recommended
method of testing [20]. Quasi-static indentation tests were carried out
on an Instron 8872 servo-hydraulic testing machine with a displace-
ment rate of 1 mm/min, and a 16 mm diameter hardened steel indenter
(8 mm for the R case) attached to a 25 kN load cell.
2.3.1. Data collection devices
Throughout the indentation tests, various data were recorded to
Table 1
Material properties of IM7-carbon/8552 epoxy and S-glass/8552 epoxy pre-
pregs.
Material IM7-carbon/8552 epoxy
[21,22]
S-glass/8552 epoxy
[19,23]
E11(GPa) 161 47.7
E22(GPa) 11.4 12.3
G12(GPa) 5.17 4.83
G IIC(N/mm) 0.8 1
Poisson’s ratio (υ12) 0.3 0.28
Cured ply thickness (mm) 0.125 0.155
Areal weight (g/m2) 134 190
Strain to failure (%) 1.62 3.87
Resin type 8552 8552
Manufacturer Hexcel Hexcel
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facilitate characterization of the damage evolution of the laminates.
Load and displacement data were recorded using a 25 kN load cell at a
rate of 20 Hz using the Instron Wave Matrix Software.
Strain fields on the back surface of each sample were measured
using an Imetrum digital image correlation system by correlating
speckle pattern images. These images were taken by a pair of 5-mega-
pixel cameras at 1 Hz. A mirror placed at 45° below the windowed
fixture as shown in Fig. 3, provided a reflection of the back surface of
the sample. Pointing the cameras at 45° to the mirror allowed images of
the back surface to be taken during the test.
2.3.2. Non-destructive tests
2.3.2.1. Ultrasonic scans. The indented specimens were scanned using
the ultrasonic immersion system provided by USL Ultrasonic Sciences
with a 10 MHz transducer. Software provided by USL enabled gates to
be set accurately, separating the front and back wall echoes of each
specimen. Depth sandwiching brass blocks were used to lift the
specimens off the bottom of the tank as shown in Fig. 4a. This helped
to reduce echo from the bottom of the tank, preventing false signal
acquisition. These scans were aimed at detecting the presence of
delamination and providing details on the size of each delamination.
2.3.2.2. X-ray scans. The samples interrupted immediately after the
first load drop and before the final failure were sent for X-ray Computed
Tomography (CT) scanning. Through CT scans, a 3D view of the
damage occurring within each ply was obtained. This was not
possible through ultrasonic scans, which only showed delamination
area.
In advance of carrying out the CT-scans, the following procedure
was followed:
- A hole of size 0.5 mm was drilled at the centre of each specimen as
shown in Fig. 4b. A small drill bit was used to reduce the possibility
of any drill induced damage to the samples.
- The samples were then soaked in zinc iodide solution for at least 7 h
as shown in Fig. 4c.
Small voids resulting from transverse cracks, matrix cracks and
delamination were filled with zinc iodide through the soaking process.
Exposure to X-rays illuminated this solution which helped to improve
clarity of the scans within these damaged regions.
3. Results and discussion
3.1. Overall behaviour
The quasi-static indentation test allows investigation to be done at
different load levels by interrupting the tests at different stages as the
material is indented until it fails. Fig. 5a shows the overall behaviour of
the S-glass/epoxy samples that were loaded until fibre failure at their
back face due to tension. These indentation tests provide important
information on the propagation and evolution of damage and the de-
gradation mechanisms through analysis at different plies and different
depths of the material. Therefore, all the samples were interrupted at 4
different load levels along the loading curve to characterize their da-
mage evolution. A typical representative load–displacement graph for
the SS S-glass/epoxy sample with four different test scenarios, inter-
rupted at 4 different stages, is illustrated in Fig. 5b and described as
follows:
- Stage 1 is associated with linear behaviour in the early stage of the
loading process with an elastic response, and no underlying dela-
mination damage in the laminate. One specimen was interrupted at
the end of the linear part (Interrupted displacement 1), to see if
there was any damage at this stage. For IS laminates, there is a
nonlinear behaviour from the early stage of the loading, which can
be attributed to the membrane stiffening effect as discussed in [14].
- Stage 2 is related to the initiation and propagation of delamination,
Fig. 1. The geometry and angle of each ply in the layup is shown for R, IS, PS and SS laminates.
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resulting in a loss in local rigidity. This is signalled by an evident
change in rigidity (i.e. the slope of the load/displacement curve),
whichever the laminate thickness. With increasing load in Stage 2,
the number and size of delaminations increases. One specimen was
interrupted immediately after the first load drop or evident change
in slope (Interrupted displacement 2) and the other one was inter-
rupted just before the maximum load (Interrupted displacement 3)
to see the damage evolution.
- In stage 3 there are load-drops due to fibre failure at the back face of
the specimen that is under tension. One specimen was loaded until
this stage (Interrupted displacement 4).
The investigated S-glass/epoxy laminates in this paper have iden-
tical in-plane dimensions as the corresponding configurations that were
studied before by Abisset et al. [14] for the IM7-carbon/epoxy lami-
nates, but the thickness of the glass laminates in this study is 24%
higher than that of the carbon laminates in Abisset’s work owing to the
higher ply thickness (see Table 2). Due to the higher thickness, the
responses cannot be directly compared, and the maximum load level
experienced by the S-glass/epoxy laminates is higher than the IM7-
carbon/epoxy, see Fig. 5. Hence, in order to have a fair comparison
between the mechanical behaviour of the glass and carbon laminates,
the results were normalized by a thickness scaling rule extracted from
previously published works. For thickness scaled plates (with the same
in-plane dimensions), studying the contact between a rigid sphere and a
laminate, some researchers [24,25] demonstrated that the elastic
Hertzian contact law could be successfully applied. As stated by this
law, the diameter D of the contact zone is given by
∝D F3 (1)
where F is the applied indentation force. From equilibrium considera-
tions, it follows that the average punch shear stress along the specimen
thickness at the boundary of the contact zone is
=τ F
πDh (2)
where h is the laminate thickness. Assuming that the shear stress is
responsible for delamination initiation, from Eqs. (2) and (3) Fi is stated
as
∝ ×F τ h( )i 1.5 (3)
where τ is the inter-laminar shear strength of the material. Based on
Fig. 2. Summary of the main steps involved in the fabrication of test specimens.
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Eq. (3), it can be concluded that the load/displacement curves recorded
for the different thicknesses should sensibly superpose with each other
when the forces are scaled to the power 1.5, i.e. R1.5, where R is the
thickness ratio, and the displacements are held unchanged [15].
As reported by Davies et al. [2], the first load drop (or the evident
change in the slope of the load/displacement curve) is mainly due to
delamination initiation and can be evaluated by Eq. (4).
=
−
F π
E h G
υ
2
3
2
1i
eff IIC
3
2 (4)
where Fi is the critical threshold load for delamination initiation, Eeff is
the effective homogenized Young’s modulus of the laminate in bending,
GIIC is the mode II critical energy release rate, h is the laminate thick-
ness, and υ is the laminate Poisson’s ratio. Therefore, the load asso-
ciated with delamination initiation depends not only on the thickness
ratio R1.5, but also on the critical energy release rate GIIC and the
Young’s modulus of the laminate as indicated by Eq. (5).
∝F E G hi eff IIC0.5 0.5 1.5 (5)
Therefore, the applied scaling approach is only valid for delami-
nation initiation when the product of GIIC and the Young’s modulus of
the laminates is the same. Consequently, there are limitations in the
scaling approach using equation (3) in this paper to compare dissimilar
materials, and it is applied here just to match the thicknesses of the S-
glass/epoxy with the IM7/epoxy laminates for a fair comparison taking
account of the most important mechanisms.
In order to validate this scaling rule, the experimental load–dis-
placement results obtained for the investigated S-glass/epoxy laminates
and IM7-carbon/epoxy laminates [14], with identical in-plane dimen-
sions, are scaled using this scaling rule and the results are illustrated in
Fig. 6. In addition, to check efficiency of this scaling rule for the la-
minates with less thickness differences, a 3 mm thick IM7-carbon/8552
epoxy laminate with stacking sequence of [45/0/90/−45]3s, indicated
as legend “A” in Fig. 6., was also manufactured and tested with iden-
tical procedures as the IM7/8552 epoxy laminates. As can be seen from
Fig. 6, the scaling rule gives more realistic results for the IM7-carbon/
epoxy laminate with 3 mm thickness that is scaled to 4 mm thickness,
compared with the scaled 2 mm IM7-carbon/epoxy laminate. The
scaling factors (R1.5) are 1.54 and 2.82 for the former and the latter,
respectively. This shows that the larger the thickness difference, the
higher becomes the effect of uncertainties and nonlinearities in the
adopted scaling approach. Hence, it can be concluded that when the
thicknesses of the laminates are close to each other, this scaling rule is
reasonable to use for comparisons. This is the case in this paper, where,
as listed in Table 3, the investigated S-glass/epoxy laminates are only
24% thicker than the carbon laminates, so the load values for the S-
glass/epoxy will be multiplied by the scaling factor of 0.72 (=(2/
2.48)1.5) to make a fair comparison between the glass/epoxy and
carbon/epoxy laminates. It should be noted that the thickness scaling
approach is just a simplified method to make the results comparable
Fig. 3. Test setup for 150 × 100 mm samples with 16 mm indenter.
Fig. 4. a) Top view of the C-scan tank; b) Drilling the centre of a tested sample using a 0.5 mm drill bit; c) Dye penetrant bath of drilled samples.
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and the scaled method is not completely valid for scaling the nonlinear
response of the laminate and the various damage mechanisms, etc.,
across all the different laminate configurations.
As discussed above, the 2.48 mm IS and R cases of the glass lami-
nates are scaled to match the 2 mm thickness of the carbon laminates
whereas the 4.96 mm SS and PS cases of the glass laminates are scaled
to match the 4 mm thickness of the carbon laminates. For the scaling,
the load is multiplied by the ratio of the thickness to the power of 1.5
( ×F R1.5) and the displacement remains the same. The scaled results of
S-glass/epoxy and the experimental results of the IM7-carbon/epoxy
laminates [14] are illustrated in Fig. 7. As shown in Fig. 7, a similar
qualitative response can be observed for the stages 1–3 (introduced in
Fig. 5) for both carbon and glass laminates. In the first stage, for most
cases, except for Fig. 7b, load increases linearly until a critical load (Fi)
followed by a first load drop. After the load drop, in the second stage,
load goes up to more than twice the magnitude at the load drop. Once a
second threshold is reached, a series of damage events generate a
number of subsequent load drops. The tests were stopped when sig-
nificant fibre failure in the lower ply was observed. It is worth noting
that both carbon and glass laminates demonstrate a distinguishable
load drop or change in the slope of the load/displacement curve, for
stage 1 in R, PS and SS test cases. However, unlike the carbon lami-
nates, there is no evident change in the slope of the load/displacement
curve for IS test case in the glass laminates.
Some main characteristics of the raw experimental results for the
IM7 [14] and the scaled results for the S-glass/epoxy, are summarized
in Table 4. The initial slope and maximum displacement are mainly
dependent on the fibre direction properties and are different for the S-
glass/epoxy and IM7-carbon/epoxy laminates. Due to higher stiffness of
the carbon fibres compared to the glass fibres (see Table 1), the initial
stiffness of the carbon laminates is 1.66, 1.65, 1.24 and 1.71 times
higher than that of the SS, PS, IS and R glass laminates, respectively.
As evidenced by many researchers [7,14,24,26] the first load drop
depends on the critical energy release rate GIIC and the effective
Young’s modulus of the laminate, and can be calculated by Eq. (4).
Using the values listed in Table 2, the effective homogenized Young’s
modulus of the laminate which is used to evaluate the critical threshold
load for delamination initiation is listed in Table 6. The effective
homogenized modulus is derived from a simplified linear shell FE
model, where the laminate is idealised as an elastic orthotropic plate
Fig. 5. Typical load–displacement responses for the samples under quasi-static indentation. a) all the tested cases until fibre failure on the back face, b) SS case, and
highlighted points illustrate the displacement levels where the tests were interrupted.
Table 2
A summary of the specimens used for quasi-static indentation tests.
Lay-up m n Plate thickness Glass/epoxy (mm) Plate thickness Carbon/epoxy (mm) In-plane dimensions (a × b) (mm) Indenter diameter (mm)
Reference (R) 1 2 2.48 2 75 × 50 8
In-plane scaling (IS) 1 2 2.48 2 150 × 100 16
Ply-block scaling (PS) 2 2 4.96 4 150 × 100 16
Sub-laminate scaling (SS) 1 4 4.96 4 150 × 100 16
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under indentation, the Young’s modulus value was varied until the FE
model gave a similar stiffness as that in the experiment. As can be seen
from Table 6, due to the lower values of the effective Young’s modulus
for the glass laminates, the analytically calculated critical load values
are slightly lower for these laminates, compared with the carbon la-
minates. However, the experimental critical load values are very similar
for the glass and carbon laminates. Furthermore, the experimental
maximum load levels experienced by the carbon and glass samples
(after scaling) are close to each other, except for the IS test case, see
Fig. 7. The first drop is caused by initiation and immediate propagation
of delamination at a number of different interfaces that resulted in the
stiffness change. The load drops after the first load drop are mainly
associated with delamination propagation. Later there was also some
fibre breakage on the tension and compression sides of the composite
laminates, as evidenced by front and back surface images and C-scan
images taken from different stages of loading (presented later in section
3.3.). A similar damage scenario was reported in another study on
quasi-static indentation of IM7/8552 epoxy laminates with a quasi-
isotropic layup [27], where both fibre failure and delamination were
reported during propagation of delamination. The maximum load is
controlled by fibre failure, and it appears at a larger displacement for
the glass samples than the carbon samples, due to the lower stiffness
and higher strain to failure of the S-glass fibres. Considering the scaled
results, the percentage of the reduction in load at the first load drop for
the glass laminates is slightly less than that of the carbon laminates. As
detailed in section 3.3, the variation in the induced damage is the
reason for this slight difference. The area under the load–displacement
curve up to the maximum load, was used to compare the energy ab-
sorption capacity of the glass and carbon laminates (see Table 5). This
was done for comparison purposes as it was not easy to stop the tests at
the same level of damage. It is evident that the scaled S-glass/epoxy
laminates demonstrate considerably higher energy absorption, with
values of 1.59, 1.57, 2.20, 1.45 times more for the SS, PS, IS and R test
cases, respectively. This is due to the lower stiffness and higher strain to
failure of the S-glass fibres compared to the carbon fibres. In stages 1
and 2, the S-glass/epoxy laminates undergo more displacement at the
same load level as the carbon. Moreover, the final failure of the carbon
laminates at stage 3 is quite abrupt and brittle whereas S-glass/epoxy
laminates demonstrate a more gradual failure. This is due to the dif-
ference in the size and type of the induced damage by changing the
fibre type, as discussed in section 3.3. The SS and PS specimens have the
maximum absorbed energy for the carbon and glass laminates, re-
spectively. These laminates have the highest level of induced damage,
as detailed in section 3.3.
3.2. Strain field
Utilizing the software provided by LabVision, digital image corre-
lation was performed on the images taken by the cameras. This allowed
to plot the displacement and strain fields near the failure of the speci-
mens as shown in Fig. 8. The region of highest strain was a semi-circular
area under the indenter showing the localized nature of damage in
indentation. Analyzing the changes in surface strain values against
‘time in Fig. 9, it is shown that changes in gradient or discontinuities in
strain values occurred at a certain point during the loading of every
configuration. By overlaying these plots with load-time graphs, it is
found that these changes correspond to the point of the first load drop
in most cases, corresponding with evident changes in rigidity, where
delamination initiated. The maximum strains measured from the DIC
slightly exceed the quoted strain to failure of the S-glass fibres (3.87%)
from Table 1. The DIC measurement was interrupted earlier than the
maximum load due to the appearance of damage on the back face of the
samples, such as fibre failure and splitting due to delamination and
matrix cracking.
3.3. Ultrasonic scan (C-scan)
Due to the semi-transparent property of the glass/epoxy, indenta-
tion induced delaminations near the top and bottom surfaces are visible
as they change the appearance of the specimens. This observable da-
mage is highlighted with a dashed box in each visual image shown in
Fig. 10. The damage on the front face (compression side) of the glass
Fig. 6. The scaled experimental results obtained, using the introduced scaling rule as [15], for the S-glass/epoxy laminates with IS of thickness 2.48 mm scaled to SS
and PS (4.96 mm thickness); and the IM7-carbon/epoxy laminates with IS 2 mm and A 3 mm thicknesses that are scaled to PS and SS (4 mm thickness). The layup
sequence for the 3 mm carbon (A) is [45/0/90/−45]3s.
Table 3
Thickness scaling of S-glass/8552 epoxy laminates to match the thickness of IM7-carbon/8552 epoxy laminates studied in [11].
Scaling type Glass laminates test thickness (mm) Carbon laminates test thickness (mm) Thickness ratio (R) Scaling factor for displacements Scaling factor for forces
R 2.48 2 0.806 1 0.8061.5 = 0.72
IS 2.48 2 0.806 1 0.72
PS 4.96 4 0.806 1 0.72
SS 4.96 4 0.806 1 0.72
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samples is a local dent with no fibre failure, whereas some fibre failure
and splitting on the back face (tensile side) appears at a later stage
when the load is close to the maximum load. The surface images of the
IM7-carbon laminates are not reported in [14]. However in another
study [27] on quasi-static indentation of IM7/8552 epoxy laminates
with quasi-isotropic layup of [60/0/-60]4S, and the same dimensions as
SS samples in [14], the samples indicated compression side failure from
the early stage of the loading just after the first load drop, whereas the
tensile side fibre failure appeared at a later stage when the load was
close to the maximum load. It reflects a higher resistance to compres-
sion failure resistance of the S-glass compared with the IM7-carbon
fibre composites.
Despite the translucence of the glass/epoxy samples, it remains
difficult to visually determine the exact size of delamination. Hence,
ultrasonic C-scan was applied for better assessment of the damage
evolution in the composite laminates. C-scan images of the specimens
are illustrated in Fig. 10 for various stages of the load–displacement
curves. It should be noted that the un-scaled loads are reported in the
discussion of damage mechanisms from the C-scan and the CT-scan
results.
As shown in Fig. 10 for the S-glass/epoxy, no delamination is ob-
served before the first load drop. Hence, no images are displayed. This
is similar to the IM7-carbon/epoxy samples, see Fig. 11, where no da-
mage was observed before the load drop [14]. Immediately after the
first load drop, the size of delamination was measured and is compared
with those of carbon as tabulated in Table 7. The size of delamination in
the glass laminates is marginally larger compared to the carbon lami-
nates for all cases except for the IS samples.
3.4. Analytical analysis for damage size prediction
The simplified analytical model proposed in [26] can be used to
estimate the size of the delaminated area immediately after the load
drop. The mid-plane displacement of the plate centre (ω0) under the
indentation force (F ), given as Eq. (9) [26].
=
∗
+ −ω
FR
πD
N β
16
(1 ( 1) )eq0
2
2 2
(6)
where F is the applied load at the first load drop,
∗ = −D E h υ12(1 )eff 3 2 is the equivalent bending stiffness of the lami-
nate as reported in Table 6, N is the number of sub-laminates created by
delaminations which are assumed circular, Req is the radius of the
equivalent circular plate having clamped boundary conditions, and
=β r Req is the non-dimensional delamination radius (r). Eq. (6) can be
Fig. 7. Comparison of load–displacement traces between S-glass/8552 epoxy and IM7-carbon/8552 epoxy samples for R, IS, PS and SS test cases.
Table 4
Some main characteristics of the investigated carbon and scaled glass laminates.
Laminate
configuration
Carbon/epoxy Scaled glass/epoxy Carbon/Glass
Stiffness ratio
Thickness
(mm)
Initial stiffness
(kN/mm)
Displacement at the
max load (mm)
Maximum load
(kN)
Initial stiffness
(kN/mm)
Displacement at the
max load (mm)
Max load
(kN)
SS 4 2.98 4.78 11.19 1.79 7.73 10.94 1.66
PS 4 2.87 5.25 11.41 1.74 8.02 12.09 1.65
IS 2 0.47 5.43 4.18 0.38 9.55 4.96 1.24
R 2 1.47 2.56 3.31 0.86 4.19 3.36 1.71
*Glass loads are scaled by Eq. (3).
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re-written for the delamination radius as:
=
∗ −
−
r
ω πD FR
N F
16
( 1)
eq0
2
2 (7)
The ratios of glass delamination radius (rG) to carbon delamination
radius (rC) at the first load drop can therefore be obtained using Eq. (8).
=
−
−
∗
∗
r
r
G
C
ω πD F R
F
ω πD F R
F
16
16
iG G iG eq
iG
iC C iC eq
iC
0 2
0 2
(8)
To be consistent with the carbon laminates [14], Req for the large
(the Is, Ps and Ss cases) and the R glass laminates was corrected to
70 mm and 35 mm, respectively. These values of Req for the rectangular
shaped plates were calculated by modifying the size of a circular plate
in order to fit the deflection field of the simply supported rectangular
plate by comparing two analytical solutions as detailed in [28]. Using
Eq. (8), the calculated (r rG C) values are tabulated in Table 8 and are
compared with the measured delamination radius in Table 7. In gen-
eral, there is a reasonably good correlation between the analytical and
experimental delamination ratios for SS and PS laminates, however the
analytical value for R laminates overestimates that of experiment by
46%.
The linear model predicts that the propagation of delamination
takes place at a constant load F which depends on the plate’s material
and geometrical parameters as well as on the number of circular dela-
minations [26]. The general expression for N-1 delaminations as given
in Eq. (9) is:
Table 5
Comparison between first load drop and energy absorption of the carbon and scaled glass laminates.
First load drop Max load
Laminate configuration Thickness (mm) load level (kN) Displacement (mm) Load drop (%) Energy absorbed kN.mm) Energy absorbed (kN.mm)
Glass* Carbon Glass Carbon Glass* Carbon Glass* Carbon Glass* Carbon
SS 4 4.66 4.73 2.68 1.7 18.6 24.6 6.24 4.02 42.18 26.48
PS 4 4.06 3.96 2.42 1.5 13.24 21.0 4.91 2.97 47.46 30.19
IS 2 N/A 1.7 N/A 2.8 N/A 3.74 3.57 2.38 22.23 10.12
R 2 1.29 1.28 1.61 1.0 0.0 3.54 1.04 0.64 5.98 4.13
*Glass loads and energy values are reported from Fig. 7, where the loads are scaled by Eq. (3).
Table 6
Comparison of critical load for delamination obtained from experiment and analytical solution for the carbon and scaled glass laminates.
Test case υ h (mm) Eeff (GPa) GIIC (N/mm) Theoretical FC (kN) Experimental FC (kN)* % difference
R-glass 0.28 2 26.8 1 1.43 1.29 −10.8
R-carbon 0.3 2 42.0 0.8 1.61 1.28 −25.8
IS-glass 0.28 2 26.8 1 1.43 N/A N/A
IS-carbon 0.3 2 42.0 0.8 1.61 1.70 5.3
PS-glass 0.28 4 26.8 1 4.04 4.06 0.2
PS-carbon 0.3 4 42.0 0.8 4.55 3.96 −14.9
SS-glass 0.28 4 28.4 1 4.65 4.66 0.2
SS-carbon 0.3 4 51.6 0.8 5.05 4.73 −6.8
*Glass loads are scaled by Eq. (3).
Fig. 8. A typical displacement in the loading direction, Z-displacement (left) and back surface strain, plotted for the SS S-glass/epoxy laminates at the point of failure.
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=+
∗
F π D G
N
32
1
IIC
2
(9)
An estimate of the load drop value for the investigated samples can
be obtained by considering N = 2 for the critical load F( )i , at which the
first load drop occurs, and N = 5 for the force at the end of the unstable
load drop F( )2 . =N 2 was selected at the first load drop, as a single
central delamination is expected to firstly initiate at the mid-plane of
the plate with the maximum shear stress, creating two sublaminates.
N = 5 was selected according to the laminate configurations (con-
sidering 4 central delaminations creating five sublaminates) and in
consistency with the analytical calculations for the carbon laminates
[14]. This yields
= − = − =
=
∗ ∗ ∗
F F F π D G π D G π D G
F
Δ 32
3
32
6
0.29 32
3
0.29
i
IIC IIC IIC
i
2
2 2 2
(10)
Fig. 9. The applied load and surface strain at the center of the specimen was plotted against time for the S-glass/epoxy laminates.
Fig. 10. Front and back surface images and C-scan images at each interruption was shown for the S-glass/epoxy; a) R, b) IS, c) PS, d) SS samples.
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= =F F F1
2
0.71i i2 (11)
In the displacement driven test, the value of ω0 before and after the
load drop is the same, one can write Eq. (6) as.
Fig. 11. Representative global load–displacement curve and C-scans depicting the overall delamination width for the IM7-carbon/epoxy [14].
Table 7
Comparison between glass and carbon laminates on delamination initiation and propagation. The values are taken from the indicated points in Figs. 10 and 11. The
delamination diameters are calculated from projected areas, assuming circular delaminations, rather than direct measurements.
Laminate configuration First delamination, first load drop Delamination propagation, second load drop
Delamination diameter (mm) Delamination area (mm2) Delamination diameter (mm) Delamination area (mm2)
Glass Carbon Glass Carbon Glass Carbon Glass Carbon
SS 20.4 19.5 326.8 300.0 33.1 51.5 860.5 2083.1
PS 13.7 13.5 147.4 142.5 65.7 39.5 3390.1 1225.4
IS 7.87 8.5 48.6 57.1 16.5 17.5 213.8 240.5
R 8.8 6.6 60.8 34.2 12.8 13.5 128.7 143.1
Table 8
Comparison of analytical and experimental delamination size ratios after the
first load drop for the glass and carbon laminates. C and G stand for the carbon
and glass laminates. Req and r are the equivalent circular plate and delamina-
tion radius of the laminate, respectively.
Test case Req (mm) D*G/D*C Theoretical rG/rC Experimental rG/rC
SS 70 1.04 1.09 1.04
PS 70 1.21 1.08 1.01
IS 70 1.21 0.74 0.92
R 35 1.21 1.98 1.33
Table 9
Comparison of analytical and experimental delamination size ratios for the PS
and R samples, after the first load drop for the glass and carbon laminates.
Delamination
diameter ratio
Experimental
Glass
Theoretical
Glass
Experimental
Carbon
Theoretical
Carbon
PS/R 1.56 2 2.05 2
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∗+ − = + −
∗
F R
πD
N β
F R
πD
N β
16
(1 ( 1) )
16
(1 ( 1) )i eq eq
2
2 2 2
2
2 2
(11)
Using Eq. (11), and assuming the initial delamination behaviour and
N = 2 on the left hand side and N = 5 on the right hand side of Eq.
(10), it gives:
+ = +
∗ ∗
F R
πD
β
F R
πD
β
16
(1 3 )
0.7
16
(1 24 )i eq i eq
2
2
2
2
(12)
Eq. (12) can be solved for the delamination size;
= =β r
R
0.14
eq (13)
According to Eq. (13), the delamination size should scale with the
in-plane plate dimensions. Table 9 compares the analytical and ex-
perimental delamination size ratios (using Eq. (13) and Table 7) for the
true scaled pair, that is the R and the PS plates. For the first delami-
nation, Eq. (13) appears to give a reasonable value for the carbon
Fig. 12. Delamination diameter versus the absorbed energy for the investigated laminates for the first load drop (first delamination) and after the second load drop
(delamination propagation). The presented energy values are calculated at the indicated points in Figs. 10 and 11, by measuring the area under the load–displa-
cement curves in Fig. 7. The damage size are the un-scaled results from Table 7.
Fig. 13. Delamination at the four respective interfaces 0°/45°, 90°/0°, −45°/90° and 45°/−45° for each S-glass/8552 epoxy configuration. The specific interface
where the image was taken is highlighted in red.
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samples, however it overpredicts it by about 28% for the glass samples.
This reflects the dependency of the delamination size scaling on the
laminates’ constituents, indicating the limitation of the applied scaling
approach.
Fig. 12 illustrates the size of delamination for the carbon and glass
laminates at the first load drop and after the second load drop. For all
the cases, the glass samples absorb more energy than the carbon sam-
ples, despite having a similar delamination size. IS and R have similar
values of delamination size for the carbon and glass laminates whereas
there is a discrepancy for the SS and PS laminates. For the first dela-
mination, SS sample has the highest delaminated area and absorbed
energy for both glass and carbon samples. However, for the propagation
stage, for the carbon laminates, the SS sample has the highest delami-
nated area and absorbed energy, whereas, for the glass laminates, the
PS sample has the highest delamination area and absorbed energy. The
displacement and load levels for the PS glass are much higher compared
with the SS glass sample at the second load drop, making it difficult to
make direct comparisons for the damage size.
3.5. X-ray computed tomography scans (CT-Scans)
CT-scans on each configuration after the first load drop showed si-
milar transverse crack patterns and shape of delamination for the glass/
epoxy and carbon/epoxy laminates. Two delaminations, symmetrically
positioned with respect to the indenter, develop at each interface, their
shape and orientation determined by the fibre directions in the adjacent
plies. As examples, Fig. 13 shows the delamination pattern at four
different interfaces (0°/45°, 90°/0°, −45°/90°, 45°/−45°) in each
configuration through the thickness of the laminates. It was deduced
that for interfaces where the difference in adjacent ply angle was 45°, a
triangular shaped delamination was formed. Similarly, with a differ-
ence in ply angle of 90°, a peanut shaped delamination was formed,
elongated in the direction of the fibres in the lower ply. These ob-
servations match with the findings reported for the IM7-carbon/epoxy
laminates [14], see for example the bottom 90/0 interfaces in Fig. 14,
whereas delaminations shaped as a peanut develop at 90° interface
where fibre directions are different by 90°.
Key observations found from the CT-scans indicated that the
damage mechanism in the S-glass/epoxy and IM7-carbon/epoxy lami-
nates have a similar pattern, but a different size. The key observations
from the CT-scans are summarised in the following:
- Delamination at each interface was controlled by the direction of
transverse cracks.
- Delamination propagation occurred parallel to the fibre direction of
the bottom ply and normal to the fibre direction of the top ply.
- Delamination was symmetrical about the fibre direction of the
bottom ply.
- The combined delamination at each interface forms the shape of a
circle.
- No delamination occurred on the first interface.
- Presence of transverse cracks between two adjacent interfaces al-
lowed delamination to step through the thickness.
- Lengths of matrix cracks and delamination area were larger on the
bottom half of the samples.
4. Conclusions
The aim of this study was to investigate the effect of fibre properties
in indentation behaviour of laminated composites. A comprehensive
series of scaled tests were compared on QI S-glass/8552 epoxy and QI
IM7/8552 epoxy laminates covering scaling of in-plane dimensions and
full three-dimensional scaled cases. The following items are concluded:
• The mechanical results were normalized by a thickness scaling rule
to have a fair comparison between the S-glass laminates that were
thicker than the IM7-carbon laminates. It was found that when the
thickness of the laminates is close to each other, this scaling rule is
reasonable to use for comparisons. This is the case in this paper,
where, the investigated glass laminates are only 24% thicker than
the carbon laminates.
• Due to the ability of S-glass/8552 epoxy laminates to sustain higher
deflections prior to failure compared to the IM7-carbon/epoxy la-
minates, and the similar load levels experienced by the laminates,
the energy absorption of the glass laminates was almost 2 times
higher than that of the carbon, showing a better potential of the
Fig. 14. Delamination after the first load drop on the bottom 90/0 interface for the four test cases of the IM7-carbon/epoxy [14]. The specific interface where the
image was taken is highlighted in red.
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glass laminates for energy absorption purposes, compared to the
carbon counterparts.
• The damage on the compression side of the glass laminates is a local
dent with no fibre failure, and some fibre failure and splitting on the
back face near the maximum load. The IM7-carbon laminates
however indicated compression side failure from the early stage of
the loading just after the first load drop, whereas the tensile side
fibre failure appeared at a later stage when the load was close to the
maximum load. The different damage evolution affected the
load–displacement behaviour, where the percentage of the reduc-
tion in load at the first load drop for the scaled glass laminates is
slightly less than that of the carbon laminates. Moreover, the final
failure of the carbon laminates is quite abrupt and brittle whereas
the S-glass/epoxy laminates demonstrate a more gradual failure.
• Analysing results from the C-scan and CT-scan images showed no
difference in overall damage mechanisms between the glass and
carbon samples. Both laminates showed the same shape of delami-
nations at respective interfaces with the presence of transverse
cracks. The C-scanning showed a similar delamination size in the
glass/epoxy and carbon/epoxy laminates immediately after the first
load drop, however the delamination size for the propagation stage
was dependent on the layup sequence and the fibre properties.
• The analytical damage size scaling model predicted that the dela-
mination size should scale with the in-plane plate dimensions. This
scaling approach appears to give a reasonable value for the carbon
samples, however it overpredicts it by about 28% for the glass
samples. This reflects the dependency of the delamination size scale
on the laminates’ constituents, indicating the limitation of the ap-
plied scaling approach. Further numerical investigation is required
to explain the experimental results in more detail, beyond the sim-
plified models used in this paper.
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